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Introduction {#sec1}
============

Cancer stem cells (CSCs) generally account for a rare subpopulation of cells within tumors; however, some reports showed that up to 25% of cancer cells within certain tumors display the characteristics of CSCs ([@bib19], [@bib31]). CSCs have been defined according to their ability to drive tumor growth in xenografted animals accompanied by self-renewal and differentiation ([@bib4]). Moreover, CSCs have been reported to be highly associated with therapy resistance, recurrence, and metastasis ([@bib5], [@bib24]). During the process of tumor initiation and progression, tumor cells must escape immunologic detection and elimination ([@bib9]). Given these unique properties of CSCs, these cells may have a stronger capability than differentiated tumor cells of evading various host immune surveillance mechanisms.

The complement system, a main component of innate immunity, circulates to conduct immune surveillance and discriminate invading pathogens and cell debris from healthy host tissues ([@bib25], [@bib33]). After activation, complement components are cleaved into different fragments with multiple functions: C3a/C5a primes inflammation, C3b/iC3b induces opsono-phagocytosis, and C5b-9(n) (membrane attack complex, MAC) provokes rapid cell death ([@bib8]). To protect host cells from bystander complement attack, several membrane complement regulatory proteins (mCRPs) have evolved to restrict complement activation at diverse stages. CD46 acts as a cofactor for the inactivation of cell-bound C4b and C3b by serum factor I, CD55 inactivates C3 and C5 convertases by accelerating the decay of these proteases, and CD59 is the sole mCRP to prevent MAC formation ([@bib38]). Various endogenous (autologous antibodies, C1q, pentraxins, ficolins, etc.) ([@bib33]) and exogenous (therapeutic antibodies, such as rituximab for B lymphoma \[[@bib38]\] and cetuximab for certain solid tumors \[[@bib15]\]) pattern recognition molecules can substantially activate complement in tumor microenvironment, which is critical in tumor cells, especially CSCs, for eventual survival from complement-mediated elimination ([@bib33]).

Numerous studies, including ours, have demonstrated that high expression of mCRPs, mainly CD46, CD55, and CD59, confer tumor cell resistance to antibody-based cancer therapy by preventing complement cascade amplification or MAC formation; therefore, functional inhibition of mCRPs may unleash the resistance ([@bib13], [@bib17], [@bib21], [@bib37]). Compared with other mCRPs, CD59 has been considered the most effective mCRP to protect tumor cells from complement-mediated lysis ([@bib10], [@bib38]). However, there are few reports on CSC evasion of complement-mediated elimination. In addition, normal stem cells may similarly encounter frequent complement attack, which requires high expression of mCRPs. Therefore, *mCd59b* (Genbank: [NM_181858.1](ncbi-n:NM_181858.1){#intref0010}) deficiency, but not *mCd59a* (Genbank: [NM_001111060.2](ncbi-n:NM_001111060.2){#intref0015}) deficiency, could induce male infertility associated with fewer sperm cells ([@bib30]). However, the underlying mechanisms for stem cells escaping complement surveillance remain largely unclear.

In this study, we employed serum-free selection medium to prepare cancer stem-like sphere-forming cells in which CD59, but not CD46 or CD55, was upregulated, conferring resistance to cetuximab-induced complement-dependent cytotoxicity (CDC). CD59 insufficiency in sphere-forming cells completely suppressed tumorigenesis in xenografted nude mice. Furthermore, we illustrated that SOX2 is responsible for CD59 upregulation in CSCs and highly correlates with the selective expression of mCD59b in mouse spermatogonial stem cells.

Results {#sec2}
=======

CD59 Alone Is Upregulated to Confer CSC Resistance to Complement-Mediated Destruction {#sec2.1}
-------------------------------------------------------------------------------------

To investigate the response of mCRPs in CSCs, we first prepared stem-like sphere-forming cells from MCF-7 and Calu-3 parental cells. We observed that spheres developed with a diameter larger than 50 μm after 14 days of culture ([Figure 1](#fig1){ref-type="fig"}A). Furthermore, we verified the stemness of sphere-forming cells by staining the related biomarkers and by detecting in vivo tumorigenesis abilities. In MCF-7 cells, the subpopulation of stem-like CD44^+^/CD24^−^ cells was significantly increased from 1.2% in parental cells to 25.9% in sphere-forming cells ([Figure 1](#fig1){ref-type="fig"}B). Similarly, in Calu-3 sphere-forming cells, the subpopulation of CD133^+^ cells was dramatically increased compared with that of the parental cells ([Figure 1](#fig1){ref-type="fig"}C). In addition, we implanted 1.0 × 10^5^ Calu-3 sphere and parental cells in each flank of the same nude mouse, and found that sphere-forming cells resulted in much faster tumor growth than parental cells ([Figure S1](#mmc1){ref-type="supplementary-material"}). Therefore, the enriched sphere-forming cells displayed the important characteristics of CSCs.

Next, using a fluorescence-activated cell sorting (FACS) assay, we detected the expression levels of three mCRPs, CD46, CD55, and CD59, in the sphere-forming cell membranes. Compared with the parental cells, sphere-forming cells expressed a much higher level of CD59 in both MCF-7 and Calu-3 cells ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). In contrast, we found that the CD46 levels were significantly reduced in MCF-7 and Calu-3 sphere-forming cells, and the CD55 level was only notably reduced in MCF-7 sphere-forming cells and slightly increased in Calu-3 sphere-forming cells ([Figures S2](#mmc1){ref-type="supplementary-material"}C--S2F). This finding is consistent with previous reports that CD59 is upregulated in colorectal and pancreatic CSCs ([@bib12], [@bib39]). Therefore, CD59 may play a more important role than CD46 and CD55 in protecting CSCs from complement destruction.

To test the resistance to CDC imposed by upregulated CD59, we treated parental and sphere MCF-7 or Calu-3 cells with normal human serum (NHS) and the epidermal growth factor receptor (EGFR)-targeted monoclonal antibody cetuximab, which has been widely used for the treatment of multiple solid tumors ([@bib15]); we then measured the CDC effect by detecting lactate dehydrogenase (LDH) release. The rate of cell death in sphere-forming cells remarkably decreased compared with that of the parental cells ([Figure 1](#fig1){ref-type="fig"}D). To exclude the possibility that the EGFR expression level may decrease and accordingly reduce the CDC effect, we further detected the expression levels of EGFR accompanied by CD59 using an immunoblotting assay. We observed that the EGFR level slightly increased in both MCF-7 and Calu-3 sphere-forming cells compared with that of the parental cells ([Figure 1](#fig1){ref-type="fig"}E), which may conversely enhance the cetuximab-mediated CDC effect. Consistent with our other findings, the CD59 level still showed remarkable increases in both sphere-forming cells ([Figure 1](#fig1){ref-type="fig"}E). Together, these findings strongly suggest that CD59, but not other mCRPs, was significantly upregulated in sphere-forming CSCs to prevent complement destruction.

CD59 Insufficiency Facilitates Cetuximab-Mediated Complement Damage in CSCs {#sec2.2}
---------------------------------------------------------------------------

To further validate the function of CD59 in protecting CSCs from complement attack, we first generated stable CD59-insufficient MCF-7 and Calu-3 parental cells by specific small hairpin RNA (shRNA). Then, using the same method previously described, we successfully obtained sphere-forming cells after 14 days of culture ([Figure 2](#fig2){ref-type="fig"}A), and CD59 insufficiency was verified by an immunoblotting assay ([Figure 2](#fig2){ref-type="fig"}B). Similarly, these sphere-forming cells demonstrated stemness by the significantly increased CD44^+^/CD24^−^ population in MCF-7-shCD59 sphere-forming cells and CD133^+^ population in Calu-3-shCD59 sphere-forming cells ([Figures 2](#fig2){ref-type="fig"}C and 2D). In addition, we quantitatively compared the sphere formation capacity between CD59-sufficient and CD59-insuficient MCF-7 and Calu-3 cells, which showed no significant change ([Figure 2](#fig2){ref-type="fig"}E). Therefore, CD59 insufficiency may not affect sphere formation.

Next, we detected the ability of CD59-insufficient sphere-forming cells to avoid cetuximab-mediated CDC. As shown in [Figure 2](#fig2){ref-type="fig"}F, CD59 insufficiency resulted in the sphere-forming cells being more vulnerable to the transient cetuximab-mediated complement damage than MCF-7 and Calu-3 cells treated with scrambled shRNA. Therefore, the expression of CD59 is important for CSC survival from complement destruction.

CD59 Level Is a Determinant for the Susceptibility of Parental Cells to Complement Destruction {#sec2.3}
----------------------------------------------------------------------------------------------

Considering that the implanted sphere-forming cells could sustain differentiation in in vivo experiments, we first detected the expression levels of CD59 together with CD46 and CD55 in two breast (MCF-7 and SK-BR-3) and two lung (Calu-3 and A549) parental cancer cell lines by FACS assay. As shown in [Figure S3](#mmc1){ref-type="supplementary-material"}A, the CD59 level was gradually increased in the order MCF-7, SK-BR-3, A549, and Calu-3 cells. However, CD46 was expressed at the lowest level in A549 cells compared with those of MCF-7, SK-BR-3, and Calu-3 cells, which express CD46 at a similar level ([Figure S3](#mmc1){ref-type="supplementary-material"}B). Moreover, we observed a notable difference in CD55 expression levels among the four cell lines in the escalating order A549, SK-BR-3, Calu-3, and MCF-7 cells, which was different from CD59 levels ([Figure S3](#mmc1){ref-type="supplementary-material"}C). We also validated the mRNA and protein levels of CD59 among the four cells by qRT-PCR or western blot, respectively ([Figures S3](#mmc1){ref-type="supplementary-material"}D and S3E), and the results were consistent with those in [Figure S3](#mmc1){ref-type="supplementary-material"}A. Furthermore, we used cetuximab together with NHS to induce CDC in these cancer cells. The results of the LDH release assay suggested that the rate of cell death was almost exactly conversely correlated with the expression level of CD59, but not CD46 or CD55 ([Figure S3](#mmc1){ref-type="supplementary-material"}F).

To further validate the role of CD59 in protecting cancer cells from cetuximab-induced CDC, we induced CD59 insufficiency by shCD59 in MCF-7 and Calu-3 cells and then measured cell survival. The results showed that compared with a scrambled control, shCD59 led to higher susceptibility of MCF-7 and Calu-3 cells to the transient cetuximab-mediated CDC ([Figure S3](#mmc1){ref-type="supplementary-material"}G). Therefore, CD59 could more effectively protect cancer cells from cetuximab-induced complement destruction than CD46 and CD55, which is in agreement with the previous conclusion that CD59 is the most relevant mCRP in protecting tumor cells from complement-mediated lysis ([@bib10]).

CD59 Insufficiency Completely Suppressed CSC Tumorigenesis In Vivo {#sec2.4}
------------------------------------------------------------------

To further confirm whether CD59 insufficiency makes CSCs more vulnerable to complement surveillance in vivo, we subcutaneously implanted CD59-sufficient and CD59-insufficient Calu-3 sphere-forming cells into the respective sides of nude mice axilla. The results showed that CD59 insufficiency nearly completely suppressed tumor growth compared with CD59 sufficiency ([Figure 3](#fig3){ref-type="fig"}A). Unlike CD59-sufficient sphere-forming cells, we observed that tumor growth of CD59-insufficient sphere-forming cells lessened on day 46 compared with day 43 ([Figure 3](#fig3){ref-type="fig"}A) and considered that combined treatment with the CD59 inhibitor ILYd4 and rituximab on Burkitt\'s B cell lymphoma xenografted tumors induced a high tumor-free rate ([@bib17]). Therefore, to investigate the status of complement activation and cancer proliferation in tumor tissues, we euthanized mice and collected tumor tissues on day 46. At this endpoint, the tumor size and weight were much smaller in CD59-insufficient tumors than in CD59-sufficient tumors ([Figures 3](#fig3){ref-type="fig"}B and 3C). In addition, the CD59-insufficient tumors displayed extensive, strong C3d and MAC staining, whereas positive Ki-67 staining was almost negligible (2.8%) compared with that of CD59-sufficient tumors (65.6%) ([Figure 3](#fig3){ref-type="fig"}D). The results suggest extensive complement activation and subsequent MAC-mediated damage, thus almost completely suppressing the tumor growth of CD59-insufficient cells. In addition, we observed that a compartmented nascent lymphoid nodule with abundant lymphocyte accumulation developed and was actively predominant in CD59-insufficient tumor tissue ([Figure 3](#fig3){ref-type="fig"}D). Therefore, we suggest that the CD59-insufficient tumors would most likely disappear eventually. This finding strongly suggests that CD59 expression is required for CSC in vivo survival from persistent complement surveillance.

In addition, it has been reported that pathogen-associated molecular patterns, damage-associated molecular patterns, and surface proteins released from dead cells may activate complement ([@bib32]); therefore, we suggest that the extensive complement activation (right panel in [Figure 3](#fig3){ref-type="fig"}D) may be amplified by the initial cell death of CD59-insufficient cells. To recapitulate the complement activation in tumor tissues of nude mice implanted by CD59-insufficient cells, we treated MCF-7 parental cells with intermedilysin (ILY), which that can rapidly induce CD59-positive cell death via binding to human CD59 ([@bib16]), following additional NHS or IHS (heat-inactivated human serum) administration. The CD59-deficient MCF-7 cells survived ILY treatment and then were positively stained by antibodies against C3d or MAC after NHS but not IHS challenge ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B). Consistent with this, complement activation triggered by NHS and ILY-induced CD59-positive dead cells resulted in higher cell death rate than ILY alone and ILY plus IHS treatment groups ([Figure S4](#mmc1){ref-type="supplementary-material"}C).

SOX2 Regulates CD59 Transcription in CSCs {#sec2.5}
-----------------------------------------

Our previous work illustrated that CD59 constitutive expression is regulated by Sp1, whereas nuclear factor κB (NF-κB) and CREB scaffolded by CBP/p300 proteins are responsible for the inducible expression of *CD59* (Genbank: [NM_203330.2](ncbi-n:NM_203330.2){#intref0020}) in inflammatory conditions ([Figure 5](#fig5){ref-type="fig"}C) ([@bib7]). Another study showed that Smad3 also regulates *CD59* transcription in a certain condition of transforming growth factor β (TGF-β)-induced epithelial-mesenchymal transition (EMT) ([@bib13]). Therefore, to exclude the effect of the above transcription factors in regulating *CD59* transcription in CSCs, we compared their levels in nuclear extracts between the parental and sphere-forming cells. We observed that the levels of CBP/p300, phos-CREB, classic NF-κB subunits p65/p50/c-Rel, Sp1, and phos-Smad3 appear not to change or are even remarkably reduced in the sphere-forming cells ([Figure 4](#fig4){ref-type="fig"}A). These results indicate that none of these proteins contribute to CD59 upregulation in CSCs.

SOX2 is an important transcription factor that is responsible for stemness maintenance in stem cells ([@bib22], [@bib35]). Using MatInspector software (Genomatix Software), we predicted a SOX2 binding site in a region from −537 to −513 bp upstream of CD59 exon 1 ([Figure 4](#fig4){ref-type="fig"}B). Therefore, we first evaluated the SOX2 level in the parental and sphere-forming cells. The results showed that SOX2 was notably upregulated in the total lysate and nuclear extract of the sphere-forming cells ([Figure 4](#fig4){ref-type="fig"}C). We then overexpressed SOX2, and found that CD59 was accordingly upregulated ([Figure 4](#fig4){ref-type="fig"}D). This observation led us to hypothesize that *CD59* transcription may be regulated by SOX2 in CSCs.

We next performed a dual-luciferase reporter assay by transfecting pGL3 plasmids containing the sequences 2,000 and 1,000 bp upstream of *CD59* exon1 alone or together with a pEGFP-N1-SOX2 plasmid into HeLa cells. The results indicate that ectopic SOX2 significantly enhanced the transcriptional activity ([Figure 4](#fig4){ref-type="fig"}E). We further identified whether SOX2 could directly bind to the predicted site by a chromatin immunoprecipitation (ChIP) assay. As shown in [Figures 4](#fig4){ref-type="fig"}F and 4G, a specific anti-SOX2 antibody, but not isotype immunoglobulin G (IgG), was able to capture the fragment that could be amplified by the specific primers for the region containing the predicted SOX2 binding site. In addition, we mutated the critical nucleotides for SOX2 activity as indicated in [Figure 4](#fig4){ref-type="fig"}B and tested the consequent promoter activity with or without ectopic SOX2. The results showed that the mutation of SOX2 response nucleotides could significantly reduce the promoter activity. Furthermore, even with ectopic SOX2, the transcriptional activity was not increased in the mutant. Mutation of the SOX2 response nucleotides completely abrogated the enhanced promoter activity by ectopic SOX2 ([Figure 4](#fig4){ref-type="fig"}H).

To further prove the regulation of *CD59* by SOX2, we constructed SOX2-insufficient stable Calu-3 and MCF7 parental cells and then generated the related stem-like sphere-forming cells. The knockdown efficiency of SOX2 was confirmed by qRT-PCR and immunoblotting ([Figures S5](#mmc1){ref-type="supplementary-material"}A and S5C). We then observed that CD59 expression was accordingly downregulated in mRNA and protein levels ([Figures S5](#mmc1){ref-type="supplementary-material"}B and S5C), together with the reduced protein level of EGFR ([Figure S5](#mmc1){ref-type="supplementary-material"}C). Concordantly, the results of FACS further confirmed this finding and demonstrated that the expression levels of CD46 and CD55 were not influenced by SOX2 insufficiency ([Figure S5](#mmc1){ref-type="supplementary-material"}D). Together, these results clearly demonstrated that SOX2 is responsible for *CD59* upregulation in CSCs.

Upregulation of CD59 by SOX2 Protects Cancer Cells from Complement Destruction {#sec2.6}
------------------------------------------------------------------------------

To further determine whether SOX2 is sufficient to confer cancer cell resistance to complement destruction, we overexpressed SOX2 in MCF-7 and Calu-3 cells. Using an immunoblotting assay, we found that the levels of CD59 and EGFR were increased along with ectopic SOX2 ([Figure 5](#fig5){ref-type="fig"}A). Using a FACS assay, the CD59 level in the cell membrane was further verified to be upregulated ([Figures S6](#mmc1){ref-type="supplementary-material"}A and S6B), whereas the membrane levels of CD46 and CD55 did not increase compared with those of the vector control ([Figures S6](#mmc1){ref-type="supplementary-material"}C--S6F).

We conducted a CDC assay to functionally test the effect of upregulated CD59 by ectopic SOX2 in protecting cancer cells from complement destruction. The results demonstrated that SOX2-overexpressing MCF-7 and Calu-3 cells are much more resistant than control cells to cetuximab-mediated complement damage ([Figure 5](#fig5){ref-type="fig"}B). These findings demonstrated that SOX2 could transcriptionally upregulate the expression of CD59, but not the expression of CD46 and CD55, in CSCs, thus conferring CSC resistance to complement surveillance ([Figure 5](#fig5){ref-type="fig"}C).

SOX2 Is Responsible for mCd59b Selective Expression in Mouse Testis {#sec2.7}
-------------------------------------------------------------------

To elucidate the in vivo function of SOX2 in protecting normal stem cells from complement surveillance by upregulating CD59, we used a mouse model because of accessibility considerations. Mouse *Cd59* encodes two duplicate Cd59 isoforms, mCD59a and mCD59b ([@bib27], [@bib28]). It is controversial whether the distribution of mCD59b is either universal ([@bib29]) or selectively expressed in the testis ([@bib6]). *mCd59b* deficiency has been reported to induce spontaneous hemolytic anemia and progressive male infertility ([@bib30]). We further demonstrated the abundant expression of mCD59b in mouse testis and revealed that Sp1 regulates *mCd59a* expression widely, whereas NF-κB and serum response factor (SRF) regulate *mCd59b* transcription in inflammatory conditions to prevent complement attack ([@bib2]); however, the transcriptional regulation of *mCd59b* in physiological conditions, which is helpful for explaining the abundant expression of mCD59b in mouse testis, remains unclear. Considering that SOX2 is abundant in stem cells and regulates human CD59 expression in CSCs, we propose that SOX2 may regulate *mCd59b* transcription.

Using MatInspector software, we predicted possible SOX2 response elements in the promoter regions upstream of the *mCd59a* and *mCd59b* transcriptional initiation sites. The results indicate two SOX2 binding sites locate at −153 to −124 bp upstream of *mCd59b* exon 1 ([Figure 6](#fig6){ref-type="fig"}A), whereas no SOX2 binding site is located in the *mCd59a* promoter region.

We then performed dual-luciferase reporter assays by co-transfecting pGL3 plasmid containing −350 to −1 bp region upstream of *mCd59b* exon1 and SOX2-expressing or empty vector into mouse NIH/3T3 cells. The results showed that ectopic SOX2 could dramatically enhance the promoter activity ([Figure 6](#fig6){ref-type="fig"}B). To further identify whether SOX2 directly binds to this *mCd59b* promoter region, we conducted a ChIP assay in NIH/3T3 cells that were transiently transfected by SOX2-expressing plasmid. We found that the fragment containing the SOX2 binding site, but not isotype IgG, could be remarkably enriched by specific anti-SOX2 antibody ([Figures 6](#fig6){ref-type="fig"}C and 6D). Moreover, we mutated the critical response nucleotides in two SOX2 binding sites separately or simultaneously ([Figure 6](#fig6){ref-type="fig"}A) and detected the consequent change in promoter activity. The results showed that the enhanced promoter activity almost disappeared in all three mutants with ectopic SOX2 ([Figure 6](#fig6){ref-type="fig"}E). Therefore, these results indicated that both SOX2 binding sites were essential for *mCd59b* transcription. We further functionally identified the role of SOX2 in regulating the expression of mCD59b. The results showed that the expression of mCD59b, but not mCD59a, was significantly increased ([Figure 6](#fig6){ref-type="fig"}F). Therefore, we concluded that SOX2 regulates the transcription of *mCd59b*, but not *mCd59a*.

Given the selective distribution of mCD59b in the testis ([@bib2], [@bib6]), we next probed the SOX2 levels in the mouse testis, kidney, liver, colon, brain, lung, thymus, and spleen by immunohistochemistry (IHC) and found that SOX2 was exclusively enriched in testis spermatogonial stem cells compared with the other tested tissues ([Figure 6](#fig6){ref-type="fig"}G). To further identify the correlation among SOX2, mCD59a, and mCD59b during testis maturation with age, we collected the testis samples from mice aged 2, 4, 6, and 8 weeks. The result of qRT-PCR showed that compared with those in week 2, the expression levels of *mCd59a*, *mCd59b*, and *Sox2* (Genbank: [NM_011443](ncbi-n:NM_011443){#intref0025}) increased, respectively, about 1.3-, 60-, and 6-fold in week 4; 2-, 110-, and 9-fold in week 6; and 2.7-, 110-, and 8-fold in week 8 ([Figure S7](#mmc1){ref-type="supplementary-material"}A). We also performed RT-PCR using a pair of primers that can amplify both *mCd59a* and *mCd59b* simultaneously ([@bib6]), and visualized the PCR products with 5% PAGE. As shown in [Figure S7](#mmc1){ref-type="supplementary-material"}B, we found that the expression level of *mCd59a* was slightly increased, while that of *mCd59b* was dramatically increased with age. The protein levels identified by immunoblotting and IHC were also in agreement with the alteration pattern of mRNAs of *mCd59a*, *mCd59b*, and *Sox2* with age ([Figures S7](#mmc1){ref-type="supplementary-material"}C and S7D). Moreover, we detected the nuclear levels of the recognized transcription factors of Sp1, SRF, canonical NF-κB, and SOX2 for *mCd59a* and *mCd59b* using an immunoblotting assay. Only SOX2 was increased with age in accordance with the alteration of mCD59b but not of mCD59a ([Figure S7](#mmc1){ref-type="supplementary-material"}E). These results therefore indicate the high correlation between mCD59b and SOX2 distribution, which further supports SOX2 regulation of *mCd59b* transcription in stem cells.

Discussion {#sec3}
==========

CSCs account for a tiny subset of cancer cells; however, as "cancer seeds," these cells have been considered a major obstacle to curing cancer due to their characteristics of distinctive surface proteins, self-renewal, differentiation, slow-cycling state, and high association with therapy resistance and metastasis ([@bib4], [@bib5], [@bib24]). Therefore, many efforts have been made to develop small molecules or antibodies that are currently in different clinical phases and that target various signaling pathways in CSCs ([@bib18]). However, it is strongly suggested that CSC-specific therapy should be combined with traditional therapy to quickly eradicate whole tumors ([@bib18]). Therefore, a bispecific target against differentiated and stem cancer cells may hold great potential for cancer therapy. Herein, we demonstrated that CD59 is upregulated by SOX2 in CSCs and that CD59 silencing completely eliminated tumors in a mouse model implanted with stem-like cancer cells.

Accumulating evidence has demonstrated that cancer cells are able to activate the autologous complement system ([@bib3], [@bib10], [@bib23], [@bib26]). To evade complement destruction, tumor cells upregulate mCRPs, and CD59 is the most relevant among the three mCRPs ([@bib10], [@bib21]). Several reports have further shown the close relationship between CD59 expression and CSCs ([@bib12], [@bib39]) and a high level of mCd59b, but not mCd59a, in murine spermatogonial stem cells ([@bib6]). Therefore, CD59 may be such a bispecific target, and CD59-targeted therapy may significantly improve the therapeutic efficacy against cancer by simultaneously eliminating differentiated cells and CSCs, an approach that has already been suggested by several previous reports. We previously found that the human CD59-specific inhibitor ILYd4 combined with rituximab dramatically suppressed tumor growth and achieved a much higher tumor-free rate (50%) than rituximab treatment alone (8.3%) in lymphoma xenografted nude mice ([@bib17]). Furthermore, the combination therapy of two bispecific antibodies against CD20 and CD55 or against CD20 and CD59 completely prevented the development of human/SCID lymphoma ([@bib21]). Moreover, ectopic CD55 and/or CD59 could protect mesenchymal stem cells from complement-mediated lysis ([@bib20]).

It has been reported that SOX2 controls tumor initiation and CSC functions ([@bib1]); therefore, SOX2 insufficiency in glioblastoma CSCs completely suppresses proliferation and tumorigenicity ([@bib11]). We observed that most of the signaling molecules for inducible CD59 expression, including NF-κB, CREB, CBP/p300, and Smad, were strongly inhibited ([Figure 4](#fig4){ref-type="fig"}A). This result indicates that SOX2 plays a critical role in regulating *CD59* transcription in CSCs. In addition, the normal stem cells of spermatogonia may encounter complement attack, and there is an intact complement system in the female genital tract ([@bib14]); therefore, spermatozoa require the high expression of mCRPs such as CD59. The deficiency of *mCd59b* resulted in progressive male infertility due to immobile dysmorphic and fewer sperm cells ([@bib30]), indicating the critical role of CD59 in protecting spermatozoa from complement attack. In this study, we further demonstrated that SOX2, which is abundant in mouse testis, is responsible for mCD59b, but not mCD59a, selective expression in mouse testis. Considering the stemness of mouse spermospore and the previous reports that *mCd59b* deficiency resulted in mouse progressive male infertility due to low sperm count and mobility ([@bib30]) and mCD59b is selectively expressed in mouse testis ([@bib2], [@bib6]), our finding that SOX2 regulates *mCd59b* transcription in testis may explain the importance of human CD59 expression in CSCs in protecting them from complement attack. Therefore, we conclude that the loss of tumor-initiating ability and tumorigenicity in CSCs by *SOX2* (Genbank: [NM_003106](ncbi-n:NM_003106){#intref0030}) silencing resulted, at least in part, from the consequent CD59 insufficiency.

Recently, a stem-like cancer cell termed latency competent cancer cells, which express SOX2 and Sox9, have been reported to evade natural killer (NK) cell-mediated clearance by attenuating WNT signaling, thereby downregulating ligand expression for NK cell activity ([@bib22]). Herein, we interestingly observed that SOX2 also regulates EGFR expression, which may confer CSCs a growth signaling for their survival in the tumor microenvironment. Importantly, we further extend the role of SOX2 in protecting CSCs from another innate immune surveillance mechanism. SOX2 regulates CD59 expression in CSCs, and CD59 insufficiency induced a near-complete cessation of proliferation and loss of tumorigenesis in CSCs. This finding highlights the importance of complement surveillance in clearing tumor cells and suggests CD59 as a potential target in cancer therapy.

Experimental Procedures {#sec4}
=======================

Sphere Formation Assay {#sec4.1}
----------------------

The sphere formation assay was performed as previously described ([@bib34], [@bib36]). In brief, CD59-sufficient or CD59-insufficient parental cells were dissociated with 0.25% trypsin/EDTA and resuspended with a serum-free medium (DMEM/F12, 3:1 mixture) containing 0.4% BSA and 0.2× B27 lacking vitamin A and supplemented with recombinant EGF (PeproTech) at 10 ng/mL and recombinant basic fibroblast growth factor (PeproTech) at 10 ng/mL. For examination of the sphere-forming capacity of cancer cells, cells were enzymatically dissociated and resuspended at a density of 10,000 cells/mL with the above medium and plated in ultra-low attachment 24-well plates. The medium was exchanged every 7 days, and the spheres were counted and harvested at 14 days. Sphere-forming cells were subcultured with TrypLE Express (Gibco) and resuspended in the above medium at clonal density. The sphere-forming capacity and morphology did not alter even with passage over 15 generations.

CDC Assay {#sec4.2}
---------

The CDC assay was performed according to our previous report with minor modifications ([@bib17]). In brief, 10,000 cancer cells were plated in 96-well plates for 16 hr and then treated with 200 μg/mL of cetuximab (Merck) and 20% NHS or IHS for 1.5 hr. For evaluation of the CDC effect, released LDH was measured in the supernatant using the Cytotoxicity Detection kit (Roche) based on the manufacturer\'s instructions. The optical density was measured at 490 nm with a Synergy HT microplate reader (Bio-Tek).

Xenograft Tumors {#sec4.3}
----------------

Six-week-old male BALB/c nude mice were purchased from Vital River. In total, two pairs of cells, 10^5^ Calu-3-shSCR and Calu-3-shCD59 sphere-forming cells, or 10^5^ Calu-3 sphere and parental cells were resuspended in a PBS/Matrigel (Invitrogen) mixture (1:1 volume) and then subcutaneously injected into the left or right sides of the axilla, respectively. The mice were inspected for tumor appearance, and tumor growth was measured every 3 days using a caliper. The tumor volume was determined following a standard formula: length × width^2^/2. The presence of tumor was confirmed by necropsy, and all the animal experiments were conducted in accordance with experimental protocols approved by the Animal Ethics Committee at Shanghai Medical School, Fudan University.

Statistical Analysis {#sec4.4}
--------------------

The data are presented as the mean ± SD unless otherwise specified. The significant differences between two groups were determined using the two-tailed Student\'s t test for unpaired data, and p \< 0.05 was considered statistically significant.
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(A) The morphological change between parental and sphere-forming cells. Scale bars, 100 μm.\
(B and C) The subpopulation of stem cells was remarkably increased in the sphere-forming cells. Stem cell biomarkers: CD44^+^/CD24^−^ for MCF-7 (B) and CD133^+^ for Calu-3 (C).\
(D) MCF-7 and Calu-3 sphere-forming cells exhibit resistance to cetuximab-induced complement-mediated destruction compared with the parental cells. Data are presented as mean ± SD (n = 3 independent experiments); ^∗∗^p \< 0.01.\
(E) The expression levels of EGFR and CD59 were notably increased in the sphere-forming cells.\
See also [Figure S2](#mmc1){ref-type="supplementary-material"}.](gr1){#fig1}

![*CD59* Silencing Did Not Affect Sphere Formation but Sensitized Sphere-Forming Cells to Complement-Mediated Destruction\
(A) *CD59* silencing in MCF-7 and Calu-3 parental cells did not affect sphere formation. Scale bars, 100 μm.\
(B) Confirmation of the efficacy of *CD59* silencing. shSCR, scrambled shRNA; shCD59, specific shRNA against CD59.\
(C and D) The subpopulation of stem cells was still remarkably increased in the *CD59*-silencing sphere-forming cells. Stem cell biomarkers: CD44^+^/CD24^−^ for MCF-7 (C) and CD133^+^ for Calu-3 (D).\
(E) Quantitative comparison of the sphere formation capacity between CD59-sufficient and CD59-insufficient cells.\
(F) CD59-insufficient MCF-7 and Calu-3 sphere-forming cells were significantly vulnerable to cetuximab-induced complement destruction compared with CD59-sufficient sphere-forming cells. Data are presented as mean ± SD (n = 3 independent experiments), NS, no significance; ^∗^p \< 0.05, ^∗∗^p \< 0.01.\
See also [Figure S3](#mmc1){ref-type="supplementary-material"}.](gr2){#fig2}

![*CD59* Silencing Completely Suppressed Tumor Growth in Calu-3 Sphere-Forming Cells\
(A) Tumor growth was completely suppressed from day 43 in nude mice implanted with CD59-insufficient Calu-3 sphere-forming cells. Data are presented as mean ± SEM (n = 6 independent experiments). The significance of tumor growth between CD59-insufficient and CD59-sufficient sphere Calu-3 cells was determined using the Holm-Sidak method in multiple t tests: one per row, with α = 5.000%. Each row was analyzed individually, without assuming a consistent SD. ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, ^∗∗∗∗^p \< 0.0001.\
(B and C) The tumor images (B) and tumor weight (C) at the endpoint of day 46. Data are presented as mean ± SD (n = 6 independent experiments); ^∗∗^p \< 0.01.\
(D) IHC assay. Complement activation and cancer cell proliferation were determined by C3d and MAC or Ki-67 staining, respectively. Complement was substantially activated, leading to a near-complete cessation of proliferation in CD59-insufficient Calu-3 sphere-forming cells (A). Scale bar, 50 μm.\
See also [Figure S4](#mmc1){ref-type="supplementary-material"}.](gr3){#fig3}

![SOX2 Is a Key Transcription Factor for CD59 Expression in CSCs\
(A) The activities or nuclear levels of reported *trans*-acting factors for *CD59* transcription were unchanged or reduced to varying degrees in stem-like sphere-forming cells.\
(B) The SOX2 binding site was predicted in the region of −2,000 to −1 bp upstream of *CD59* exon1 using MatInspector software. The mutated critical response site of SOX2 is also indicated.\
(C) The protein levels of SOX2 in the total lysate and nuclear extract were increased in sphere stem-like cells.\
(D) Ectopic SOX2 remarkably increased CD59 expression in HeLa cells.\
(E) Dual-luciferase reporter assay in HeLa cells: the promoter activities of the −2,000 to −1 bp and −1,000 to −1 bp regions upstream of *CD59* exon1 were significantly increased due to ectopic SOX2.\
(F and G) ChIP assay in HeLa cells. A specific antibody against SOX2, but not isotype IgG, could capture the fragment containing the SOX2 response element in the *CD59* promoter region, which was amplified by specific primers ([Table S2](#mmc1){ref-type="supplementary-material"}) using PCR (F). The quantitative data are shown (G).\
(H) Dual-luciferase reporter assay in HeLa cells. Mutation of critical response nucleotides for SOX2 binding abrogated the enhanced promoter activity by ectopic SOX2.\
Data are presented as mean ± SD (n = 3, independent repeats in E, H, and technical repeats in G). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, ^∗∗∗∗^p \< 0.0001. See also [Figure S5](#mmc1){ref-type="supplementary-material"}.](gr4){#fig4}

![SOX2 Upregulates CD59 to Protect Cancer Cells from Complement Destruction\
(A) Ectopic SOX2 increased the expression levels of EGFR and CD59 in parental cells.\
(B) The parental cells with ectopic SOX2 were resistant to cetuximab-induced complement destruction. Data are presented as mean ± SD (n = 3 independent experiments); ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001.\
(C) Schematic for cancer cell evasion of complement surveillance by regulating *CD59* transcription. CD59 expression is constitutively regulated by Sp1, inducibly by NF-κB and CREB scaffolds bound to CBP/p300 ([@bib7]), conditionally by Smad3 in TGF-β-induced EMT ([@bib13]), and selectively by SOX2 in CSCs. DCC, differentiated cancer cell; CSC, cancer stem cell; MAC, membrane attack complex. See also [Figure S6](#mmc1){ref-type="supplementary-material"}.](gr5){#fig5}

![SOX2 Is Responsible for mCD59b-Selective Expression in Mouse Testis\
(A) The sequence of the region from −350 bp to −70 bp upstream of *mCd59b* exon1, two SOX2 binding sites (bold), primer sequences, and mutated nucleotides are indicated.\
(B) Dual-luciferase reporter assay in NIH/3T3 cells: ectopic SOX2 enhanced the promoter activity.\
(C and D) ChIP assay in NIH/3T3 cells. A specific antibody against SOX2, but not isotype IgG, captured the fragment containing the SOX2 response element in the *mCd59b* promoter region, which was amplified by specific primers ([Table S2](#mmc1){ref-type="supplementary-material"}) using PCR (C). The quantitative data are also shown (D).\
(E) Dual-luciferase reporter assay in NIH/3T3 cells. Separate or simultaneous mutation of SOX2 response nucleotides in two SOX2 binding sites abrogated the enhanced promoter activity by ectopic SOX2.\
(F) Ectopic SOX2 increased the expression of mCD59b, but not mCD59a, in NIH/3T3 cells.\
(G) IHC assay. SOX2 is selectively abundant in testis spermatogonial stem cells, but not in the tested kidney, liver, colon, brain, heart, lung, thymus, and spleen. Scale bars, 50 μm.\
Data are presented as mean ± SD (n = 3, independent repeats in B, E and technical repeat in D). NS, no significance; ^∗^p \< 0.05, ^∗∗^p \< 0.01. See also [Figure S7](#mmc1){ref-type="supplementary-material"}.](gr6){#fig6}
